■ INTRODUCTION
Tetrapodal pentadentate ligands are chelators that form square pyramidal coordination caps when bound to a single metal ion. 1 Complexes incorporating these ligands have been studied in a wide variety of applications, for example as hydrogen evolution catalysts, 2 water oxidation catalysts, 3 enzyme mimics, 4,5 redox mediators in dye-sensitized solar cells, 6 and metal cluster systems exhibiting slow magnetic relaxation. 7 In addition to their unique versatility, tetrapodal ligands are advantageous due to their ability to restrict substrate access to a single open coordination site on the metal center and to form discrete, mononuclear complexes with well-defined coordination environments. Moreover, these ligands can afford enhanced stability through the chelate effect compared to their analogous monoor bidentate counterparts, which is a desirable trait particularly for systems incorporating labile first-row transition metals. 8 Recently, complexes of the neutral pentadentate ligand 2,6-bis[1,1-bis(2-pyridyl)ethyl]pyridine (PY5Me 2 ) and its derivatives have been extensively investigated in the areas of water reduction catalysis 2 and molecular magnetism. 7a,c The PY5Me 2 ligand exclusively contains pyridine donors, and indeed the vast majority of tetrapodal ligands in the literature contain neutral aliphatic or aromatic nitrogen-donating groups. In contrast, very few tetrapodal scaffolds incorporate carbon-, phosphorus-, oxygen-, or sulfur-based donors, and scaffolds with anionic donors are especially uncommon. 1, 9 Given that anionic donors have been shown to facilitate access to high-valent metal complexes, 5 ,10 a suitable anionic tetrapodal ligand could present an advantageous platform for generating and studying such reactive species. In particular, a primarily anionic oxygen-based environment could engender unique electronic configurations and interesting chemical reactivity due to the different donating capabilities of nitrogen and oxygen. 5, 11 Prior to this work, the only reported tetrapodal ligands exhibiting predominantly oxygen-based environments were the polyalcohols 2,2′-(pyridine-2,6-diyl)bis(2-methylpropane-1,3-diol) (PYO 4 ) and 2-(bis(hydroxymethyl)amino)-2-(hydroxymethyl)propane-1,3-diol (bis-tris). The crystal structures of PYO 4 found in the literature reveal that the ligand is fully protonated and bridges multiple Li + and Ba 2+ perchlorate salts instead of binding to the cation in a κ 5 fashion. 12 While bis-tris has been shown to coordinate to transition metals as a pentadentate ligand, it only forms mononuclear complexes as a neutral or 2− ligand 13 and forms clusters when further deprotonated to bear a 3− or 4− charge.
14 We therefore sought to expand this small and unconventional contingent of tetrapodal ligand scaffolds by exploring an all-anionic equatorial oxygen environment.
Herein, we report the synthesis of the tetraanionic ligand 2,2′-(pyridine-2,6-diyl)bis (2- 4− is the first tetraanionic, tetrapodal ligand with an NO 4 donor set to successfully form mononuclear complexes with transition metals. We present the synthesis and characterization of the new ligands and comprehensive synthetic, structural, spectroscopic, and electrochemical characterization data for the metal complexes.
■ EXPERIMENTAL SECTION General Information. Unless specified otherwise, all reactions and manipulations were performed under an inert atmosphere using a glovebox, glovebag, or Schlenk techniques. Dimethylformamide (DMF) and tetrahydrofuran (THF) were dried by passage over activated molecular sieves using a custom-built solvent purification system designed by JC Meyer Solvent Systems. Diethyl malonate, anhydrous 1,4-dioxane (Sigma-Aldrich), and other degassed solvents were purged with N 2 for 30−60 min prior to use. All other solvents and reagents were obtained from commercial vendors and utilized without further purification.
Synthesis of Tetraethyl 2,2′-(pyridine-2,6-diyl)bis(2-methylmalonate) (PY(CO 2 Et) 4 ). An oven-dried Schlenk flask was charged with 2,6-dibromopyridine (14.6 g, 61.5 mmol), CuI (2.34 g, 12.3 mmol), picolinic acid (3.03 g, 24.6 mmol), Cs 2 CO 3 (120 g, 270 mmol), diethyl malonate (40.0 mL, 262 mmol), and 300 mL of anhydrous 1,4-dioxane. The reaction was heated to 80°C for 14 h. Once cooled, the reaction was quenched with 200 mL of water and extracted four times with 200 mL of ethyl acetate. The organic portions were combined, washed with brine, dried with MgSO 4 , and concentrated via rotary evaporation to give a yellow oil. The crude product was purified by flash chromatography on silica (3:1 hexanes/ethyl acetate), after which a small amount of side product still remained that could not be removed through additional purification efforts. A 1 H NMR spectrum suggested the mixture to be ∼5:1 tetraethyl 2,2′-(pyridine-2,6-diyl)dimalonate to impurity ( Figure S8 ). Because this impurity did not substantially impede the synthesis or yield of the desired ligand (see below), the yellow oil obtained from chromatography was dried under reduced pressure and used without further purification in subsequent manipulations. R f 0.31 (3:1 hexanes/ethyl acetate, UV).
1 H NMR (CDCl 3 , 400 MHz): δ 7.74 (t, J = 7.8 Hz, 1H), 7.48 (d, J = 7.8 Hz, 2H), 4.91 (s, 2H), 4.23 (m, 8H), 1.26 (t, J = 7.1, 12H).
An oven-dried Schlenk flask was charged with the yellow oil containing tetraethyl 2,2′-(pyridine-2,6-diyl)dimalonate (19.1 g), K 2 CO 3 (33.3 g, 241 mmol), methyl iodide (19.5 mL, 313 mmol), and 250 mL of anhydrous DMF, and the mixture was left to stir at room temperature under N 2 for 24 h. Subsequently, the flask was cooled to 0°C in an ice bath, and the reaction was quenched with 200 mL of water followed by 200 mL of Et 2 O. The organic layer was isolated, and the aqueous layer was extracted three times with 100 mL of Et 2 O. The organic portions were combined and washed with 150 mL of concentrated Na 2 SO 3 followed by 150 mL of brine. After it was dried with MgSO 4 , the solution was concentrated to an oily, yellow solid. The crude product was dissolved in a minimal amount of dichloromethane, layered with hexanes, and stored overnight in a −20°C
freezer. Colorless crystals of PY(CO 2 Et) 4 were isolated by vacuum filtration in a 62% yield (16.1 g) with respect to 2,6-dibromopyridine. 1 ) in deionized water (1.5 mL of a 0.95 M stock solution) were subsequently added dropwise to the methanol solution. After it was stirred for 6 h, the reaction solution was purged with N 2 to evaporate the solvent, all the while ensuring that the temperature remained at or below 0°C. Although a small amount of side product was observed via 1 H NMR spectroscopy ( Figure S9 ), the crude product was used without further purification in the synthesis of the metal complexes. Because of the extra equivalent of unreacted AOH, the isolated white solid was treated as A 4 O). The vial was topped with a rubber septum and purged with N 2 for 30 min before 5−10 mL of degassed, deionized water was added to the vial via syringe. After the solution had stirred at room temperature for 30 min, the vial was transferred to an N 2 -filled glovebag, and the solution was vacuum-filtered. Subsequently, 40−80 mL of degassed acetone was added to the filtrate to precipitate the product. The solids were isolated by vacuum filtration, dissolved in a minimal amount of water, and recrystallized by diffusion of acetone into the aqueous solution, which produced block crystals suitable for X-ray analysis. Note that the synthesis and handling of the Ni 2+ and Zn 2+ complexes can be performed entirely in air. Lower yields for the Mn 2+ and Fe
2+
complexes were attributed to their air sensitivity. Yields given below were calculated based on the initial amount of metal chloride salt employed. Special considerations for each complex are noted in their respective sections. . All synthetic manipulations, including the recrystallization, were performed using Schlenk line techniques. Cannula filtrations were performed instead of vacuum filtrations to obtain 85 mg of the yellow product in 30% yield. IR (neat, cm −1 ): 3316w, 3016w, 2989w, 2948w, 1670w, 1615s, 1570s, 1456m, 1432m, 1388s, 1357s, 1296s, 1240m, 1227m, 1182m, 1159m, 1111w, 1078w, 1020w, 987w, 919m, 888s, 847m, 826m, 768s, 707m, 653m, 624s, 604s, 596s, 581s, 553s, 532m, 458m. μ eff (Evans) = 4.9 (1) 1610s, 1577s, 1571s, 1560s, 1458m, 1430m, 1382s, 1355m, 1289s,  1258s, 1242s, 1185m, 1164m, 1117w, 1077m, 1023w, 988w, 921m,  892s, 844m, 830m, 803m, 768s, 738m, 674m, 664m, 627s, 599s, 591s Grant, 16 which excludes solvent correction, and are reported as the average of three samples measured. Diamagnetic contributions were accounted for using Pascal's constants. 17 A Cary 5000 UV−vis−NIR spectrophotometer and Cary WinUV v3.0 software were used to obtain spectra of solution samples in water and diffuse reflectance spectra of solid samples mixed with poly(vinylidene fluoride). A Kubelka−Munk conversion was applied to the diffuse reflectance spectra. Infrared spectra were collected on a PerkinElmer Spectrum 400 FT-IR spectrometer using the attenuated total reflectance mode. C, H, and N elemental analyses were performed in the Microanalytical Laboratory of the University of California, Berkeley.
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Electrochemical Measurements. Electrochemical measurements were made with a BioLogic SP-200 potentiostat using the EC-Lab v10.37 software. Experiments were performed under an argon atmosphere in a single compartment cell using a glassy carbon working electrode, Ag/AgCl (3.0 M NaCl) reference electrode, and platinum wire counter electrode. An aqueous solution of 0.1 M KClO 4 was used as the electrolyte. The pH of the electrolyte solutions was adjusted using KOH and HCl. Between each scan, the working electrode was removed from solution and polished with 0.05 μm MicroPolish (CH Instruments, Inc).
Crystallography. Crystallography was performed at the Small Molecule X-ray Crystallography Facility at the University of California, Berkeley, and the Advanced Light Source at Lawrence Berkeley National Laboratory. X-ray data were collected on single crystals coated with paratone oil and mounted on Kapton or MiTeGen loops. All data collections were performed at 100 K using a Bruker QUAZAR diffractometer equipped with a microfocus sealed X-ray source of Mo Kα (λ = 0.710 73 Å) radiation and a Bruker APEX-II detector; a Bruker APEX diffractometer equipped with a fine-focus sealed X-ray source of Mo Kα (λ = 0.710 73 Å) radiation and a Bruker APEX-I detector; or at Beamline 11.3.1 at the Advanced Light Source using synchrotron radiation with either a Bruker AXS APEX II CCD detector or a Bruker PHOTON100 CMOS detector on a Bruker D8 Diffractometer. Raw data were integrated and corrected for Lorentz and polarization effects using Bruker APEX2 V. 2011.4 software.
18
Absorption corrections were applied using SADABS 19 or TWINABS.
20
Space group assignments were determined by examination of systematic absences, E-statistics, and successive refinement of the structures. All structures were solved by direct methods using SHELXT. 21 Additional refinement was performed with SHELXL-2014/7 22 operated through the WinGX 23 and OLEX2 24 interfaces. Molecular graphics were generated with DIAMOND. 25 None of the crystals showed significant decay during data collection. Specific details concerning each data set can be found in the Supporting Information.
■ RESULTS AND DISCUSSION
In our design of a tetraanionic pentadentate scaffold, we targeted functional groups resistant to oxidative decomposition such as carboxylates and phenolates, as both could withstand the conditions required for the formation of high-valent metal complexes. Ultimately, we chose to focus on a carboxylatebased ligand, as it could be readily designed to retain a binding pocket analogous to that of PY5Me 2 . However, while the addition of the peripheral pyridine rings during the synthesis of PY5Me 2 is well-established and proceeds though a simple S N Ar reaction, 7c,26 the installation of equatorial carboxylate moieties is less straightforward.
Retrosynthetically, the most direct way to achieve oxygen donors at positions matching those of the pyridine nitrogen atoms in PY5Me 2 is to connect two malonate functional groups to the central pyridine. A review of potential routes revealed three methods most amenable to this aim: (i) activation of pyridine-N-oxide with the phosphonium salt PyBroP, 27 (ii) synthesis of a linear 1,5-dicarbonyl precursor with subsequent oxidation to a pyridine ring, 28 or (iii) a copper-catalyzed Ullman-type reaction with 2,6-dibromopyridine. 29 Although we were able to add a single malonate unit to pyridine-N-oxide with PyBroP, a second addition was not observed upon further reaction of the monosubstituted pyridine-N-oxide intermediate under the same conditions. Additionally, while we were able to isolate the linear precursor tetraethyl 2,6-dioxoheptane-1,1,7,7-tetracarboxylate, exposure of this molecule to the amine sources needed to close the ring (NH 3 , NH 4 OH, NH 4 OAc, or NH 2 OH) only resulted in decarboxylation of the diethyl malonate components, even at room temperature. Ultimately, we found the Ullman-type reaction to be the most successful, and requiring shorter reaction times than originally reported. 29 Utilizing this latter strategy, the tetraester ligand PY(CO 2 Et) 4 was generated via a two-step synthesis from 2,6-dibromopyridine (Scheme 1). In the first step, a copper-catalyzed Ullmantype reaction substituted both bromine atoms on the pyridine with diethyl malonate units. Attempts were also made with diethyl methylmalonate; however, no reaction was observed. The majority of unwanted side products were then removed from the crude oil via column chromatography. One impurity that could not be completely eliminated, however, was likely the asymmetric decomposition product formed by the loss of a single ester group (see the 1 H NMR spectrum of the chromatographed oil, Figure S8 ). In spite of this impurity, methylation at the tertiary carbon was performed successfully with methyl iodide and K 2 CO 3 at room temperature under N 2 in anhydrous DMF. Pure PY(CO 2 Et) 4 was isolated as a white solid in 62% yield (based on 2,6-dibromopyridine) after recrystallization from a dichloromethane solution layered with hexanes and stored at −20°C overnight. The ester ligand is soluble in ethereal, halogenated, and polar organic solvents such as acetone and methanol, and it can be stored indefinitely at room temperature.
Although not our final tetraanionic ligand target, we were interested in the possibility of isolating metal complexes based on the weakly donating environment of PY(CO 2 Et) 4 2 . More coordinating solvents such as acetonitrile could not be used in recrystallization, as they displaced the tetrapodal ligand from the metal center. A crystal structure determination confirmed that the ligand binds in a κ 5 fashion through the axial pyridine and the four carbonyls of the ester groups (Figure 1) . A molecule of THF fills the open coordination site to yield a distorted octahedral coordination geometry, while two outer-sphere trifluoromethanesulfonate counteranions confirm the presence of divalent copper. Unlike most octahedral Cu 2+ complexes, the distortion akin to a Jahn− Teller effect manifests as a compression along the z-axis of the molecule: the average bond length of the equatorial esters is 4− appear to be quite temperature sensitive, and significant decomposition could be observed in the 1 H NMR spectrum when the reaction was performed even at room temperature. This sensitivity is likely due to the propensity of malonate functional groups toward decarboxylation. However, it was found that A 4 [PY(CO 2 ) 4 ] salts could be reproducibly synthesized by maintaining a temperature at or below 0°C throughout the reaction and during subsequent solvent removal. The purification of A 4 [PY(CO 2 ) 4 ] salts also proved challenging due to this temperature sensitivity. Consequently the as-synthesized material was combined immediately with 1 equiv of divalent metal chloride in water to obtain the complex salts
, Ni 2+ , Zn 2+ ). 30 Any impurities carried over from the ligand synthesis were subsequently removed by filtration and recrystallization to give the pure metal complex. In the case of Ni 2+ and Zn
2+
, the metalation could be performed at room temperature in air, and the resulting compounds are quite robust and can be stored indefinitely in air at room temperature. For Mn
, Fe 2+ , and Co 2+ , it was necessary to perform all reactions and subsequent manipulations under an inert atmosphere. The potassium salts of these complexes are soluble in water and completely insoluble in the organic solvents methanol, acetonitrile, and acetone. Aqueous UV−vis−NIR spectra for all the complexes exhibit low-ε intensity absorption bands consistent with Laporte-forbidden d−d transitions ( Figure S11) .
Diffusion of acetone into concentrated aqueous solutions of all the complexes resulted in block-shaped X-ray quality crystals, and the metrical data from diffraction studies are given in Table 1 . 31 All of the complexes are isostructural and exhibit a distorted octahedral geometry arising from pentadentate coordination of [PY(CO 2 ) 4 ] 4− and an axially bound water molecule (Figure 2 ). For the paramagnetic ions, all metal−ligand bond distances are within the expected ranges for octahedral, high-spin complexes, 5, 32 while magnetic moments determined using the Evans method 15−17 further support the high-spin assignments. 33 The metal−ligand distances decrease across the series from Mn 2+ to Ni 2+ , in accordance with the expected trend based on ionic radii, as does the extent to which the metal cation distorts out of the equatorial ligand plane. For example, the Mn 2+ cation projects nearly 0.3 Å out of the binding pocket while the same distortion for Ni 2+ is only 0.05 Å, suggesting that smaller transition metal ions are better accommodated by [PY(CO 2 ) 4 ] 4− . Crystal structure determinations also revealed some intriguing extended structures for these carboxylate-rich complexes. Indeed, pyridyl π−π stacking and potassium bridging between adjacent complexes generates a three-dimensional network with channels extending along the crystallographic a-axis that are a Protons belonging to all water molecules are included in the chemical formula here, though they were omitted from the refinement of the data set. b Average of the four equatorial M−O distances. c The PY-tilt is defined as the angle between the least-squares planes generated by the four equatorial oxygen donors and the atoms of the pyridine ring.
d The out-of-plane (OOP) distortion is defined as the displacement of the metal center from the least-squares plane generated by the four equatorial oxygen atoms. filled with water molecules bound to the bridging cations (see Figure 3 ). Synthesis and solid-state characterization of the series A 2 [(PY(CO 2 ) 4 )Ni(H 2 O)] (A = Li + , Na + , and Cs + ), in the manner described above for A = K + , revealed that the identity of the countercation has a substantial influence on the molecular packing.
34 Indeed, although the immediate coordination environment of the Ni 2+ centers varies only slightly (Table S9) The resulting PPN + salts are indeed soluble in a number of organic solvents (e.g., methanol, acetonitrile, acetone, and dichloromethane); however, the complexes decompose rapidly in solution at room temperature, precluding further study under these conditions (see Supporting Information for details). 2− at 0.74 V is accompanied by deprotonation of the aquo ligand. The separation of the anodic and cathodic peak potentials by more than 1 V is likely due to stabilization of Co 3+ by the resultant hydroxide moiety as well as to the low-to high-spin conversion mediated by the reduction. Cyclic voltammograms of the Mn 2+ complex were more complex than the other compounds. An initial irreversible anodic feature was present with E pa = 0.50 V and was assigned as the oxidation of the Mn 2+ complex to a Mn 3+ species. Upon scanning to higher potentials, another anodic feature appeared at 0.90 V with a peak current more than twice that of the oxidation occurring at 0.50 V. A subtle shoulder in this second feature suggested at least two overlapping oxidations in this region. These oxidations were not electrochemically reversible, and higher-valent manganese species could not be isolated via chemical oxidation; thus, it was not possible to definitively identify the oxidized products. After the oxidation at 0.90 V, a further reduction at 0.02 V, not associated with the initial feature at 0.50 V, appeared on the return cathodic scan. 
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■ CONCLUSIONS
